Summary Responses of leaf water relations and photosynthesis to summer drought and autumn rewetting were studied in two evergreen Mediterranean oak species, Quercus ilex spp. rotundifolia and Quercus suber. The predawn leaf water potential (Ψ lPD ), stomatal conductance (gs) and photosynthetic rate (A) at ambient conditions were measured seasonally over a 3-year period. We also measured the photosynthetic response to light and to intercellular CO 2 (A/PPFD and A/ C i response curves) under water stress (summer) and after recovery due to autumn rainfall. Photosynthetic parameters, Vc max , J max and triose phosphate utilization (TPU) rate, were estimated using the Farquhar model. RuBisCo activity, leaf chlorophyll, leaf nitrogen concentration and leaf carbohydrate concentration were also measured. All measurements were performed in the spring leaves of the current year. In both species, the predawn leaf water potential, stomatal conductance and photosynthetic rate peaked in spring, progressively declined throughout the summer and recovered upon autumn rainfall. During the drought period, Q. ilex maintained a higher predawn leaf water potential and stomatal conductance than Q. suber. During this period, we found that photosynthesis was not only limited by stomatal closure, but was also downregulated as a consequence of a decrease in the maximum carboxylation rate (Vc max ) and the light-saturated rate of photosynthetic electron transport (J max ) in both species. The Vc max and J max increased after the first autumnal rains and this increase was related to RuBisCo activity, leaf nitrogen concentration and chlorophyll concentration. In addition, an increase in the TPU rate and in soluble leaf sugar concentration was observed in this period. The results obtained indicate a high resilience of the photosynthetic apparatus to summer drought as well as good recovery in the following autumn rains of these evergreen oak species.
Introduction
In the south-western Iberian Peninsula with a Mediterraneantype climate, the landscape is dominated by evergreen oak savannas, exploited as multipurpose silvopastoral systems. Covering a large area (2-2.5 million hectares), the main tree species are Quercus ilex spp. rotundifolia (syn. Quercus rotundifolia; syn. Quercus ilex spp. ballota) (holm oak) and Quercus suber (cork oak). Although both species often coexist, Q. ilex mainly occurs in the drier, inland regions, whereas Q. suber dominates in the wetter, western coastal areas. In these ecosystems, trees must withstand a long hot and dry summer season when water deficits are associated with high light intensity and temperatures, which impose restrictions on carbon assimilation (Faria et al. 1998 . Water deficits are alleviated by the autumn rains.
The Mediterranean climate has traditionally been highly variable with a considerable frequency of extreme years, for example, in rainfall regime (Xoplaki et al. 2004 ). This may aggravate in the future. According to most climate change scenarios for the region, the severity of the summer drought may increase as well as the frequency of severe droughts (Miranda et al. 2002, Giorgi and Lionello 2008) . Therefore, the capacity to overcome a water limitation period and the capacity for a rapid recovery after rainfall may be adaptive features of these Mediterranean evergreen trees (Galmés et al. 2007a ). Indeed, a comparison between deciduous and evergreen oak trees in California (Quercus douglasii) and Portugal (Q. ilex ssp. rotundifolia) under similar climatic conditions showed that the annual photosynthetic assimilation was the same. As evergreens have leaves with a lower photosynthetic capacity to assimilate as much carbon as the corresponding deciduous trees over the year, they have to achieve a longer growing season (Baldocchi et al. 2010) . To a certain extent, this requires a recovery of leaf photosynthetic capacity upon rehydration in the autumn.
The Mediterranean evergreen oaks are mostly isohydric, i.e., they effectively control tissue dehydration via stomatal closure and deep rooting to avoid drought-induced hydraulic failure (David et al. 2007 ). Several studies have addressed different aspects of photosynthetic limitations during water stress imposition in Mediterranean species. However, analyses of photosynthetic recovery in Mediterranean evergreens after water stress are still scarce (Flexas et al. 2006 , Galmés et al. 2007a ). The responses of photosynthesis to soil water depletion comprise two distinct phases: a first stage characterized by a decrease in stomatal conductance (Faria et al. 1998 , Centritto et al. 2003 , Flexas et al. 2006 and a decrease in mesophyll conductance (Flexas et al. 2006 , Galmés et al. 2007a , 2007b ) and a second stage in which further decreases in stomatal conductance may coincide with metabolic impairment (Flexas et al. 2006) . Under field conditions when water stress develops gradually over periods comprising weeks or months, changes in leaf biochemistry that result in the downregulation of photosynthetic metabolism may occur in response to lowered carbon substrates Oliveira 2004, Flexas et al. 2007 ) caused by stomatal restriction. The majority of studies about photosynthesis recovery in Mediterranean plants focused on seedlings (e.g., Galmés et al. 2007a) , with scarce information for trees under field conditions. The process of recovery is rather complex as the factors involved seems to be multiple and to strongly depend on the species and conditions analysed (Chaves et al. 2009 ). In a recent study on Mediterranean species, Gálmes et al. (2007a) demonstrated that the recovery capacity was large in herbs, intermediate in semi-deciduous species and the least in evergreens. The main objectives of this work were to study (i) the photosynthetic resilience of these Mediterranean evergreen oaks to seasonal drought and (ii) whether the reversibility of drought-induced downregulation of the photosynthetic machinery occurs upon the first autumn rains, and if it does, what underlying processes are involved?
Materials and methods

The experimental site and plant material
The experiment was conducted between 1999 and 2002, in a mixed montado located at Herdade da Alfarrobeira (38°32′ 26″ N, 8°00′01″ W, 220-250 m a.s.l.), near Évora (southern Portugal). A more detailed description of the site is given in David et al. (2007) and Pereira et al. (2007) . Tree cover consists of sparse holm oak trees with scattered patches of cork oak trees. The average stand density and tree crown cover are about 30 trees per hectare and 21%, respectively. The understory consists of natural pasture invaded by shrubs, mainly Cistus salviifolius L. The climate is Mediterranean with dry, hot summers and rainy, mild winters. The long-term (1951-80) mean annual rainfall is 665 mm, mainly concentrated from autumn to early spring (90%) in <75 days of rain per year (Figure 1) and from 7 to 8 m in Q. ilex, respectively. The mean stand DBH was 0.42 ± 0.18 and 0.34 ± 0.17 m in cork and holm oaks, respectively. In both oak species, new leaves emerge in spring ('spring leaves') and may display a weak flushing in autumn ('autumn leaves'). However, all measurements reported in this work were performed in fully expanded, current-year leaves, i.e., those that emerged in the spring of each year.
Predawn leaf water potential
Predawn leaf water potential (Ψ lPD ) was measured on a monthly basis, from January 1999 to December 2001, with a Scholander pressure chamber (PMS 1000; PMS Instru- equilibrate for 8-10 min before logging data in A/C i and A/PPFD curves. All leaf gas exchange measurements (for the A/C i and A/PPFD) were conducted between early and mid-morning (8.00-10.00 h) to avoid afternoon stomatal closure (Pereira et al. 1987 ).
Analysis of light response curves
The response of leaf photosynthesis to photosynthetic photon flux density (A/PPFD) can be described by the following function (Harley et al. 1986 ):
where A is the net photosynthetic rate, PPFD is the incident photon flux density, A maxc is the light-saturated photosynthetic rate, Rd is the rate of respiration in the light, exclusive of photorespiration, and Φ is the initial slope (quantum yield).
The parameters Φ and A maxc were obtained from five individual curves.
Biochemical and structural parameters
After gas exchange measurements, the leaves were collected for analysis of RuBisCo total activity, nitrogen concentration, chlorophyll concentration, soluble sugars and starch and specific leaf area (SLA). For RuBisCo total activity analysis, four discs per leaf (0.6 cm in diameter taken from the same leaves used in gas exchange measurements) were harvested in the light, frozen in liquid N 2 and stored at −80°C until the assay. Enzyme activity was measured spectrophotometrically following the oxidation of NADH at 340 nm and 21°C as described by Leegood (1993) . The leaf nitrogen concentration was determined by the standard Kjeldahl method in a composite leaf sample. Leaves were oven dried at 70°C during 48 h and ground for analysis. The chlorophyll concentration was measured using a spectrophotometer (Perkin-Elmer 124, Waltham, MA), as described by Arnon (1949) , in four discs (0.6 cm in diameter) per leaf. The discs were obtained from two leaves close to those used in gas exchange measurements. For non-structural carbohydrate determination, four discs per leaf (0.6 cm in diameter) were analysed from four leaves per tree. The leaf samples were collected at midday (12.00-13.00 h), immediately frozen in liquid nitrogen and stored at −80°C until analysis. The soluble sugars were extracted in ethanol (70%, v/v) and the residue was incubated in HCl (1.1%, v/v) for 30 min at 95°C for starch extraction. Both soluble sugars and starch were determined colorimetrically at 625 nm with an anthrone reagent (Robyt and White 1990) . For determination of SLA (leaf area per unit of dry weight), 30 leaves were collected and transported to the laboratory in refrigerated bags to avoid weight loss by respiration. The leaf area was measured, after petiole removal, with an area meter (LI-3000A; Li-Cor). The leaves were then oven dried at 80°C for at least 48 h and the dry mass was determined (Mettler-Toledo, PB 3002, Columbus, OH).
Biochemical modelling and relative stomatal limitation
The biochemical photosynthetic model of Farquhar et al. (1980) , modified according to Sharkey (1985) , was used to estimate the apparent maximum carboxylation rate (Vc max (C i )), maximum electron transport rate (J max ), mitochondrial respiration (Rd) and triose phosphate utilization (TPU) rate. Vc max and Rd were estimated by fitting the model to the measured A/C i data for C i <20 Pa according Sharkey et al. (2007) . The Michaelis-Menten constant (K c and K o ), α, τ and temperature dependence of the model parameters were corrected as described by Harley et al. (1986) . The temperature dependence of K c , K o , α and τ was described by an exponential function of the type: Parameter = exp[c − ΔH a /(RT)] where c is a scaling constant characteristic for each parameter, ΔH a is the activation energy for the parameter, R is the ideal gas constant and T is the leaf temperature in Kelvin for the values of the constants used. This biochemical model considered mesophyll conductance to CO 2 (g m ) as infinite. This assumption could induce underestimation of Vc max values, as shown in Ethier and Livingston (2004) . As g m was not estimated in the present work, only apparent values of maximum carboxylation rates (Vc max (C i )) are displayed. However, to quantify the magnitude of Vc max underestimation in the present study, a sensitivity analysis was performed using g m in the range 0.037, 0.050, 0.100, 0.150 and 0.200 mol m −2 s −1 for Q. ilex in autumn (1999 and 2000) and actual values of maximum carboxylation (Vc max (C c )) were estimated. A g m of 0.037 mol m −2 s −1 was reported in the literature for mature trees of Q. ilex in similar ambient conditions (Niinemets et al. 2006 ).
Statistical analysis
All statistical analyses were performed using the SPSS software package (Statistical Package for the Social Sciences for Windows 11 (2001), Chicago, IL). One-way analysis of variance (ANOVA) was used to test the differences between means of predawn leaf water potential (Ψ lPD ), leaf gas exchange (gs max and A max ) and biochemical and leaf structural parameters. Significant differences between the means were evaluated with Tukey's HSD test with P = 0.05. Descriptive statistics and ANOVA (post hoc Student-Newman-Keuls test at P = 0.05) were performed in order to assess the significance of the differences observed in the physiological parameters. Two-way factorial ANOVA (season: summer and autumn and species: Q. ilex and Q. suber) were used to test the main effects and factor interactions on Vc max , J max , Rd, TPU, A maxc (light-saturated and ambient CO 2 concentration) and quantum yield (Φ). All measurements are shown as means ± SE. Before applying the ANOVA test, the data were tested for homogeneity of variance by using Levene and Bartlett tests, at the significance level of P = 0.05. When variances across groups were unequal, i.e., the usual ANOVA assumptions were not satisfied, the Welch ANOVA test was applied (significance level of P = 0.05). from 11.8 to 16.9°C in autumn. The average maximum temperature reached 30.5°C in July.
Results
Environmental conditions
Leaf structure and composition
The leaves of Q. ilex had a lower SLA than those of Q. suber (P < 0.001) (Figure 2 ). The lower SLA in Q. ilex is related to its higher degree of sclerophylly and tissue density. The differences in SLA between summer and autumn were not significant for both oak species. Total soluble sugars and starch leaf concentrations were lower in summer than in autumn for Q. ilex and Q. suber (P < 0.001) (Figure 2) . Leaves of Q. ilex had higher total soluble sugar and starch concentrations per unit of leaf area than Q. suber (P < 0.001). The leaf RuBisCo activity and total leaf nitrogen concentration per unit of leaf area were also lower in summer than autumn for both Q. ilex and Q. suber (P < 0.001) (Figure 3 ). The chlorophyll concentration per unit of leaf area showed no significant differences in both species, from summer to autumn (Figure 3 ). The total leaf nitrogen concentration, the chlorophyll concentration and the RuBisCo activity, expressed per unit of leaf area, were higher for Q. ilex than Q. suber due to the thicker leaves of the former.
Seasonal changes in tree water status
The predawn leaf water potential (Ψ lPD ) was high in spring (approximately −0.15 MPa) and declined during the summer drought in both species (Figure 4) . After the autumn rains, Ψ lPD recovered to pre-summer drought values in Q. ilex and Q. suber. Differences in Ψ lPD between species were particu- [1999] [2000] [2001] . Values are presented as the means ± SE. Different letters denote statistically significant differences at the 5% level.
carbon assimilation recovered from water deficits in both species (Figures 1 and 5) 
A/C i and A/PPFD response curves
Measurements of PPFD-saturated A plotted in relation to C i were used to assess the biochemical limitations of photosynthesis under summer and autumn conditions. Values for the photosynthetic parameters J max (maximum electron transport rate), Vc max (the maximum carboxylation rate), TPU (triose phosphate utilization rate) and Rd (mitochondrial respiration) were obtained by fitting the Farquhar et al. (1980) model of leaf photosynthesis to individual A/C i response curves (Table 1 ). The relative stomatal limitation (RSL) was also estimated from the A/C i response curves (Table 1) . The two-way ANOVA test revealed a significant effect (P < 0.01) of season (summer and autumn) on all photosynthetic parameters estimated. The J max , Vc max and TPU parameters were low under summer drought conditions (1999 and 2000) when low predawn leaf water potential values occurred in both oak species. Both Quercus species showed a remarkable capacity of photosynthetic recovery after a drought period. In fact, the photosynthetic parameter values increased after the autumn rains when the trees had a more favourable water status, as indicated by the higher predawn leaf water potentials (Figure 4) . In Q. ilex, the Vc max increased from 31 to 50%, the J max from 24 to 30% and the TPU from 103 to 139% from summer to autumn. In Q. suber, the Vc max increased from 35 to 40%, the J max from 22 to 35% and the TPU from 154 to 173% for the same periods. The J max /Vc max ratio, a parameter that gives an indication of the nitrogen partitioning between thylakoid (photochemistry) and soluble (Calvin cycle) proteins, was not significantly influenced by season. The J max /Vc max ratio varied from 2.6 to 3.2 in Q. ilex and from 2.3 to 2.6 in Q. suber. Mitochondrial respiration (Rd) was, for both species and dates, higher in summer than in autumn due to the higher air temperature. The Vc max was related to nitrogen leaf content ( Figure 6 ) and the J max was related to total leaf chlorophyll content (Figure 7 ) in both Quercus species. The A maxc (maximum assimilation rate, estimated from the A/PPFD curves in light-saturated and ambient CO 2 concentrations) was lower (P < 0.01) in summer than in autumn in both Quercus species (Table 2 ). The two-way ANOVA test revealed no significant effect (P > 0.01) of date or species on Φ (quantum yield). The sensitivity analysis showed that a significant (P > 0.001) underestimation in Vc max (C i ) occurs when g m is not considered (g m is infinite, g m = ∞) (Table 3) .
Discussion
Seasonal variations and drought effects on water potential, stomatal conductance and photosynthesis rate
The maximum stomatal conductance (gs max ) and predawn leaf water potential (Ψ lPD ) showed similar patterns in response to water availability in both species. High values of gs max and Ψ lPD occurred in spring, declined progressively during the summer drought and recovered in response to soil rewetting in autumn. However, the ability to maintain the stomata open under water stress differed between the two species. In summer (August and September) of the 3 years of this study, predawn leaf water potential and stomatal conductance were higher in Q. ilex than in Q. suber. These results are in agreement with those reported by David et al. (2007) for the same site and species. According to these authors, the better water status of Q. ilex during the summer drought can be ascribed to a deeper or more effective root system of Q. ilex compared with that of Q. suber, since tree density, climate, soil water and groundwater levels were similar in the experimental plots of the two species.
The maximum rate of photosynthesis (A max ) varied seasonally in both species, showing high values in spring and autumn. Over the course of the summer, as a consequence of the multiple stresses (drought, high temperature and high light intensity), the observed decrease in CO 2 assimilation was associated with a decrease in stomatal conductance and the apparent maximum carboxylation rate (Vc max (C i )).
The gradual decrease of gs and A with increasing water deficit is a characteristic response of plants and one of the primary physiological responses to drought. The response of photosynthesis to drought in Quercus trees growing under natural conditions was reported in many studies (e.g., Faria et al. 1996 , Salleo and Lo Gullo 1990 , Damesin and Rambal 1995 , Corcuera et al. 2002 . A close relationship between A and gs, as observed in this study, was also documented by others in the same species (Faria et al. 1998 , Penũelas et al. 1998 ) and in other Quercus species (Damesin and Rambal 1995) , reinforcing the importance of stomatal limitation to photosynthesis in these species.
The autumn recovery of A max that promoted high values of leaf soluble sugars, starch and TPU compared with summer shows the relevance of the evergreen habit for whole plant carbon assimilation following the summer drought and, therefore, for the accumulation of reserves in roots and stems.
Maximum carboxylation rate (Vc max ) in drought and recovery
The analyses of sensitivity of Vc max in relation to g m revealed that the major consequence of assuming an infinite g m is that Vc max estimates from A/C i curves (apparent Vc max or Vc max (C i )) are always lower than those estimated from A/C c curves (actual Vc max or Vc max (C c )). To the best of our knowledge, there are no g m values for leaves of mature tree of Q. ilex ssp. rotundifolia or Q. suber under drought conditions in the literature. Therefore, estimates of actual Vc max for these cases were not possible. This is a crucial point to be studied in the Table 2 . Light-saturated photosynthesis (A maxc ) and quantum yield (Φ) in Q. ilex and Q. suber in summer and autumn (1999) . Different letters denote statistically differences (P < 0.05) at the 5% level. future, as the discrepancies between apparent and actual Vc max are larger with decreasing g m (Niinemets et al. 2009 ).
Moreover, recent studies in Mediterranean plants (Niinemets et al. 2005 , Galmés et al. 2007a , 2007b highlight the importance of g m as a limiting factor in photosynthesis, particularly under water stress conditions. The Vc max (C c ) values we estimated for Q. ilex (using g m = 0.05 mol m −2 s −1 ) were in the same range as those obtained by Niinemets et al. (2005) for Mediterranean species such as Q. ilex, Olea europea and Laurus nobilis in leaves of 1. In our study, the apparent maximum carboxylation rate (Vc max ) values were lowest in the driest summer of 1999 compared with 2000. The lower Vc max values that we found are in agreement with a reduced RuBisCo activity and leaf nitrogen concentration. The negative effect of prolonged drought conditions on RuBisCo activity has been reported by different authors in different species. These include work by Xu and Baldocchi (2003) in blue oak (Q. douglasii) and Maroco et al. (2002) in grapevine (Vitis vinifera). The increased biochemical limitation of the photosynthetic rate by drought may be ascribed to several other mechanisms besides a decrease in RuBisCo activity (Bota et al. 2004 , Flexas et al. 2006 , Chaves et al 2009 . These could include the inactivation of other Calvin cycle enzymes or a decrease in ATP and RuBP synthesis, although there is uncertainty as to which process is the most sensitive to stress (Lawlor 2002 , Parry et al. 2002 . Summer stress also induced a reduction in maximum electron transport capacity (J max ) in Q. ilex and Q. suber, as reported by Xu and Baldocchi (2003) for Q. douglasii and by Maroco et al. (2002) for V. vinifera.
In summer, leaves experienced high temperatures (they could attain values close to 45°C) due to partial stomatal closure and consequently low transpiration rates. High temperatures, in addition to drought, promoted a reduction in the maximum photosynthetic rate. This occurred due to a reduction in Vc max , J max and quantum yield (Φ) and also due to an increase in mitochondrial respiration (Rd). The same results were observed in other Mediterranean species (Dreyer et al. 2001, Valladares and Niinemets 2007) . The J max /Vc max ratio that we found (2.6-3.2 in Q. ilex and 2.3-2.6 in Q. suber) suggests a tight coordination between electron transport and RuBisCo capacity, originating from a functional balance between RuBP consumption and RuBP regeneration (Wullschleger 1993, Xu and Baldocchi 2003) . These J max /Vc max ratios are similar to those obtained in Q. douglasii (around 2.5) (Xu and Baldocchi 2003) and in Q. prinus and Quercus alba species (2.11 and 3.33, respectively) (Wilson et al. 2000) .
The photosynthetic capacity of leaves, as estimated by Vc max and J max , recovered in autumn after seasonal soil rewetting to levels close to spring values. Recovery was observed in the leaves that actually displayed a decreased activity during summer; in other words, the leaves measured in the autumn belonged to the same cohort as the ones used during the previous summer. The Vc max is known to decline with ageing. However, in the present study, we observed an autumnal recovery of Vc max after the leaves had withstood summer stresses. This is likely to be related to the increase in N allocation to leaves in autumn and the increase in RuBisCo activity. In agreement with our results, Sabaté et al. (1995) reported a similar pattern in leaf nitrogen content for Q. ilex, with low values in summer and an increase in autumn. Bogeat-Triboulot et al. (2007) showed that recovery after water stress was accompanied by increases in some photosynthetic proteins, particularly RuBisCo and proteins of the water-splitting complex. The N allocation to the recovering leaves may result from an increase in recycling of stored N in perennial (branch) tissues (Cerasoli et al. 2004) or in older leaves (Castell et al. 1994 , Cherbuy et al. 2001 . Moreover, an increase in soil nitrogen availability and root uptake upon soil rewetting was observed in conditions similar to ours (Paul et al. 2003 , Jarvis et al. 2007 . One mechanism for the rapid increase in N uptake could be a tighter coupling between litter production and direct uptake of organic N from the litter by mycorrhizal fungi (Millard et al. 2007 ). The potential for mycorrhizal fungi to bypass litter decomposition by saprotrophs, by direct nutrient transfer from litter to tree roots, has been referred to (Chapman et al. 2006 ).
Concluding remarks
In summary, this study contributed to the literature by showing the capacity of survival of holm and cork oaks under Mediterranean summer drought conditions. Both Q. ilex and Q. suber exhibited a recovery of leaf water potential and stomatal conductance upon autumn rewatering after the summer drought, attaining similar values to those observed in spring, in the same cohort of leaves. Both tree species showed a remarkable capacity in recovering the photosynthetic rate. Accordingly, the activity of the carboxylation enzyme (RuBisCo) and the estimated maximum carboxylation rate (Vc max ) were higher in autumn than in the dry summer. The recovery of biochemical efficiency can be regarded as evidence of the high resilience of the photosynthetic appara-tus under summer drought conditions in these species. In the future, it will be important to further understand the physiological features related to this recovery in these Mediterranean species, including the role played by the regulation of CO 2 diffusion through the leaf mesophyll.
